ABSTRACT. Leymus mollis (Trin.) Pilger (NsNsXmXm, 2n = 28), a wild relative of common wheat, possesses many traits that are potentially valuable for wheat improvement. In order to exploit and utilize the useful genes of L. mollis, we developed a multiple alien substitution line, 10DM50, from the progenies of octoploid Tritileymus M842-16 x Triticum durum cv. D4286. Genomic in situ hybridization analysis of mitosis and meiosis (metaphase I), using labeled total DNA of Psathyrostachys huashanica as probe, showed that the substitution line 10DM50 was a cytogenetically stable alien substitution line with 36 chromosomes from wheat and three pairs of Ns genome chromosomes from L. mollis. Simple sequence repeat analysis showed that the chromosomes 3D, 6D, and 7D were absent in 10DM50. Expressed sequence tag-sequence tagged sites analysis showed that new chromatin from 3Ns, 6Ns, and 7Ns of L. mollis were detected in 10DM50. We deduced that the substitution line 10DM50 was a multiple alien substitution line with the 3D, 6D, and 7D chromosomes replaced by 3Ns, 6Ns, and 7Ns from L. mollis. 10DM50 showed high resistance to leaf rust and significantly improved spike length, spikes per plant, and kernels per spike, which are correlated with higher wheat yield. These results suggest that line 10DM50 could be used as intermediate material for transferring desirable traits from L. mollis into common wheat in breeding programs.
INTRODUCTION
Wild relatives of common wheat (Triticum aestivum L.), which are grown in extreme environmental conditions, have interested wheat breeders as a tremendous genetic pool of beneficial traits that can be transferred to cultivated species in common wheat breeding programs (Baum et al., 1992; Jiang et al., 1994; Kishii et al., 2004; Lin et al., 2007) . Leymus mollis (Trin.) Pilger (NsNsXmXm, 2n = 28), a distant relative species of wheat, with a Ns genome originating from the genus Psathyrostachys and an Xm genome of unknown origin, has been identified to have many potentially valuable traits for wheat improvement, such as tolerance to drought and low temperatures, resistance to various diseases including scab, powdery mildew, stripe rust, and yellow dwarf virus, and exceptionally large spikes and vigorous growth (Wang and Jensen, 1994; Kishii et al., 2003; Zhou et al., 2010) . With the aim of introducing useful genes to common wheat, wide hybridizations between L. mollis and common wheat have been independently carried out in Russia (Tsitsin, 1965) , China (Fu et al., 1993) , Iceland (AnamthawatJónsson et al., 1997) , and Sweden (Merker and Lantai, 1998) , resulting in the development of a series of valuable intermediate materials.
Hybridization was successfully performed between common wheat 7182 (AABBDD, 2n = 42) and L. mollis (NsNsXmXm, 2n = 28) in our research group, and the hybrids were obtained by embryo rescue and colchicine treatment in the 1980s (Chen et al., 1985) . Different types of Tritileymus, octoploid amphiploids, and assorted derivatives were obtained from backcrossed and intercrossed progenies (Fu et al., 1996) . Cytogenetic analysis of octoploid Tritileymus M842 indicated that the lines M842-4, M842-8, M842-12, and M842-16 had the karyotype of AABBDDNsNs, while the line M842-13 was AABBDDXmXm (Wang et al., 2000) . A multiple alien substitution line, 05DM6, carrying three pairs of Ns chromosomes was selected from the progenies of octoploid Tritileymus M842-12 and Triticum durum cv. Trs-372 (Zhao et al., 2012) .
Octoploid Tritileymus M842-16 (AABBDDNsNs, 2n = 56) still possesses many interesting agronomic characters from L. mollis, such as cold and drought tolerance, and resistance to stripe rust, stem rust, scab, and powdery mildew (Jing et al., 2001) . In order to further exploit and utilize the valuable germplasm material, the hybridization between octoploid Tritileymus M842-16 and Triticum durum cv. D4286 was made in 2007. After five generations of selfing, accompanied by cytogenetic analysis and artificial selection, an alien substitution line, 10DM50, was selected. The objectives of the present study were: 1) to analyze the meiosis behaviors of 10DM50 using cytogenetic analysis, 2) to determine the chromosome composition of 10DM50 using molecular markers including simple sequence repeats (SSRs) and expressed sequence tag-sequence tagged sites (EST-STSs), and 3) to assess its potentially valuable agronomic traits for wheat improvement.
MATERIAL AND METHODS

Plant materials
The plant materials used in this study were Leymus mollis (Trin.) Pilger (NsNsXmXm, 2n = 28) accession BM01, Psathyrostachys huashanica Keng (NsNs, 2n = 14) accession 0503383, octoploid Tritileymus M842-16 (AABBDDNsNs, 2n = 56), Triticum aestivum L. cv. 7182 (AABBDD, 2n = 42), Triticum durum L. cv. D4286 (AABB, 2n = 28), and the wheat-L. mollis substitution line 10DM50, which are all deposited in the College of Agronomy at Northwest A&F University. T. aestivum cv. 7182 and L. mollis were the parents of octoploid Tritileymus M842-16. The wheat-L. mollis alien substitution line, 10DM50, was obtained from the F 5 progeny of the cross between T. durum cv. D4286 and octoploid Tritileymus M842-16. The total DNA of P. huashanica was used as a probe to detect the Ns chromatin of substitution line 10DM50.
Observations of mitosis and meiosis
Root tips from germinating seeds of the substitution line 10DM50 were pretreated in ice water for 24 h, and fixed in Carnoy's fixative (ethanol:acetic acid = 3:1, v/v). Then, the fixed root tips were digested with 1% cellulose + 1% pectinase, squashed, and stained with aceto-carmine. Young spikes containing meiotic divisions in the pollen mother cells (PMC) of 10DM50 were collected and pretreated as described for root tips but without digestion. Observations and documentation were conducted under a microscope (Olympus BX60).
Genomic in situ hybridization (GISH)
The fixed root tip and anthers of young spikes were squashed in 45% acetic acid on slides. Cover slips were removed by freezing the slides in liquid nitrogen. Total genomic DNA of P. huashanica was extracted from fresh leaves by the CTAB (Cota-Sánchez et al., 2006) method and labeled with Dig-Nick-Translation Mix (Roche, Germany) following manufacturer instructions, which served as the hybridization probe. The 40 mL denatured hybridization mix contained 4 mL 20X saline sodium citrate (SSC), 1 mL 10% sodium dodecyl sulfate (SDS), 8 mL 50% dextran sulfate (DS), 20 mL formamide, 1 mL salmon sperm DNA, 3 mL ddH 2 O, and 3 mL labeled probe DNA. The GISH protocol was performed as described previously (Walling et al., 2005) . Digoxigenin-labeled probes were visualized with anti-digoxigenin-FITC and the chromosomes were counterstained with propidium iodide. Images were captured with a CCD camera (Pixera Penguin 150CL) using a fluorescence microscope (Olympus BX60), and processed with Adobe Photoshop to adjust brightness and contrast when required.
SSR and EST-STS marker analysis
Genomic DNA was isolated from the fresh leaves of the line 10DM50, octoploid Tritileymus M842-16, Triticum durum D4286, common wheat 7182, and L. mollis by the CTAB method. Fourteen previously described pairs of D-genome-specific SSR primers were selected (Röder et al., 1998; Pestsova et al., 2000) and used to determine the D genome composition of 10DM50 (Table 1) . EST-STS primer pairs showing polymorphic bands between octoploid Tritileymus and common wheat 7182 were selected from 140 EST-STS primer pairs from an online database (http://wheat.pw.usda.gov/SNP/new/pcr_primers.shtml), and used to detect the homology group attributes of the alien chromosomes in 10DM50 (Table 2) . Polymerase chain reaction (PCR) amplifications were performed in a 20 mL volume containing 1X PCR buffer, 1.5 mM MgCl 2 , 200 mM dNTP, 0.4 mM each forward and reverse primers, 1 U Taq polymerase, and 100 ng template DNA. The amplification program was denaturing for 4 min at 94°C, followed by 35 cycles of 45 s denaturing at 94°C, 45 s annealing at 50-60°C (depending on the specific primers), and 1 min extension at 72°C, and then 10 min final extension at 72°C. The PCR amplification products were separated on 8% non-denaturing polyacrylamide gels and were visualized by silver staining.
Investigation of agronomic traits
Random samples of 10DM50 and its parents, i.e., octoploid Tritileymus M842-16 and the durum wheat cv. D4286, as well as an earlier parent, common wheat cv. 7182, were investigated at the mature stage with respect to seven morphological traits: plant height, spikes per plant, spike length, spikelets per spike, kernels per spike, 1000-kernel weight, and selfing-fertility. At least 10 samples were analyzed for each trait. Variance analysis was used to evaluate these agronomic traits of 10DM50 and its parents, common wheat cv. 7182, durum wheat D4286, and octoploid Tritileymus M842. The adult plant response to leaf rust was assessed via natural infection with a highly susceptible wheat line sown next to the tested lines. The agronomic traits investigation and the evaluation of the adult stage resistance to leaf rust were assessed in field conditions.
RESULTS
Cytogenetic analysis of 10DM50
Mitotic observations of 20 randomly selected 10DM50 cells showed that all cells had the chromosome number 2n = 42 ( Figure 1A ). The meiotic analysis of 40 PMCs at metaphase I showed that 38 cells had a chromosome configuration of 2n = 21 II, and two cells had 2n = 20 II + 2 I ( Figure 1B) . No trivalents or quadrivalents were observed at metaphase I, and no chromosomes lagged at anaphase I. This indicated that the meiotic behavior of 10DM50 was regular, which suggested that it was a cytogenetically stable line. Mitotic and meiotic GISH, using the whole genomic DNA of P. huashanica (2n = 14, NsNs) as a probe, showed that 10DM50 had six chromosomes with clear hybridization signals in root tip cells ( Figure 1C ) and three bivalents with hybridization signals at PMC metaphase I ( Figure 1D ). This indicated that 10DM50 had six Ns chromosomes from L. mollis and that these six chromosomes paired to form three complete bivalents in the wheat background. Therefore, we deduced that 10DM50 was a genetically stable wheat-L. mollis alien substitution line with 36 chromosomes from wheat and three pairs of Ns genome chromosomes from L. mollis.
Identification of a wheat-Leymus mollis substitution line
SSR analysis
The expected products of all of the SSR markers selected were obtained in octoploid Tritileymus M842-16 and wheat cv. 7182, which carried the entire D genome, whereas none of these products was obtained in durum wheat cv. D4286. In 10DM50, the expected products of the SSR markers specific to chromosomes 3D, 6D, and 7D were not detected, whereas the expected products were obtained for the primers specific to chromosomes 1D, 2D, 4D, and 5D (Table 1) . Therefore, chromosomes 3D, 6D, and 7D of wheat were absent in 10DM50. 
EST-STS analysis
EST-STS primer pairs that showed polymorphic bands between octoploid Tritileymus and common wheat 7182 were selected from 140 EST-STS primer pairs to detect the homology group attributes of the alien chromosomes in 10DM50. Three EST-STS primer pairs (BF291730, BM134465, and CD373475) for homoeologous group 3, three for homoeologous group 6 (BE426174, BE518349, and CD452568), and four for homoeologous group 7 (BQ170462, BF293421, BQ161902, and CD452422) produced specific bands in 10DM50, as well as in octoploid Tritileymus and L. mollis that contained the Ns chromosome; however, these bands were not produced in common wheat 7182 or Triticum durum D4286 (Table 2, Figures 2, 3, and 4) . In contrast, the specific bands in octoploid Tritileymus and L. mollis produced by the EST-STS primer pairs for homoeologous groups 1, 2, 4, and 5, were not detected in 10DM50. These results indicated that substitution line 10DM50 might contain the homoeologous chromosomes of groups 3, 6, and 7 of Ns genome from L. mollis, i.e., 3Ns, 6Ns, and 7Ns. Table 2 . EST-STS primer sequences, chromosome location, annealing temperatures (Tm), and expect size of the PCR product.
Evaluation of agronomic traits
According to the analysis of variance (Table 3) , 10DM50 showed a highly significant increase in spikes per plant and spike length, but different degrees of decrease in the number of spikelets per spike, and low self-fertility compared to all three of its parents. The plant height of 10DM50 was similar to that of durum wheat D4286, but lower than those of the common wheat parent 7182 and the octoploid Tritileymus M842. 10DM50 showed a slight increase in kernel number per spike compared to durum wheat D4286, but a significant decrease compared to octoploid Tritileymus M842 and common wheat 7182. The 1000-kernel-weight was higher in 10DM50 than in its common wheat parent 7182 and its octoploid parent M842-16, but lower than that of durum wheat D4286. Overall, the substitution line 10DM50 showed great improvements in plant height, spikes per plant, spike length, and 1000-kernel weight compared to its common wheat parent 7182 ( Figure 5 ). The leaf rust resistance testing showed that 10DM50 and octoploid Tritileymus M842-16 had high resistance with type 0 infections, whereas the common wheat parent 7182 and the durum wheat parent D4286 were infected with type 4 and type 2, respectively. This indicated that 10DM50 had acquired the resistance gene(s) to leaf rust from octoploid Tritileymus M842-16. 
DISCUSSION
The cytogenetic stability of alien substitution lines, addition lines, and translocation lines is of theoretical and practical significance for their application in genetics and plant breeding. The maintenance of such lines requires regular meiotic pairing and recombination in the subsequent selfing progenies (Cifuentes and Benavente, 2009 ). According to the chromosome pairing analyzed in this study, the line 10DM50 with 2n = 42 showed regular meiosis, indicating that 10DM50 was cytogenetically stable.
GISH is one of the most versatile and powerful research tools currently used in plant chromosome and genome research. It has been used for characterization of genomes and chromosomes in hybrid polyploids, hybrid plants, partial allopolyploids, polyhaploids, and recombinant breeding lines, as well as for the localization and detection of the amount of introgressed alien chromatin (Raina and Rani, 2001) . However, in the present study, it was difficult to define the alien chromosomes in DM50 by GISH using the DNA of L. mollis as a probe due to the allotetraploidy of L. mollis (NsNsXmXm, 2n = 28) with the Ns genome originating from the genus Psathyrostachys and the Xm genome of unknown origin. Therefore, the total DNA of P. huashanica (NsNs, 2n = 14) was used as a probe to determine the alien chromosomes in 10DM50 during mitotic and meiotic GISH, and the results showed that 10DM50 was a cytogenetically stable wheat-L. mollis substitution line with three pairs of Ns chromosomes.
Using DNA markers to identify the alien chromosomes has enabled great progress in plant chromosome engineering breeding research, and its potential is far from exhausted. This method is particularly important for the genetic analysis of alien chromatin from wheat relatives that lack specifically developed DNA markers (Dobrovolskaya et al., 2009) . Because genomes A and B from octoploid Tritileymus should match well with genomes A and B of durum wheat, these should be inherited stably in hybrids of octoploid Tritileymus M842-16 x Triticum durum D4286, and substitutions are instead most likely to occur between genomes D and Ns from octoploid Tritileymus. Therefore, SSR markers from wheat genome D were used to identify the missing chromosomes, and the results showed that chromosomes 3D, 6D, and 7D were absent from line 10DM50.
Comparative genome mapping across cereal species has shown that homoeologous chromosomes are generally similar and conserved in terms of their gene content and gene order (Gale and Devos, 1998) . GISH and SSR analyses of the substitution line 10DM50 revealed three pairs of Ns chromosomes from L. mollis and that the chromosomes 3D, 6D, and 7D of wheat were absent. We deduced that the substitution most likely occurred between homoeologous chromosomes from the D and Ns genomes, that is, chromosomes 3D, 6D, and 7D of wheat were replaced by chromosomes 3Ns, 6Ns, and 7Ns from L. mollis, respectively. Table 3 . Morphological characteristics of the substitution line DM50 and its parents.
Capital and small letters mean the significant differences at the levels of P < 0.01 and P < 0.05, respectively.
In order to support this deduction, EST-STS primer pairs, selected from different chromosome groups of wheat that showed polymorphic bands between common wheat 7182 and octoploid Tritileymus M842, were employed to identify the alien chromosomes in DM50. Indeed, the results showed that the EST-STS primer pairs of group 3, group 6, and group 7 detected special bands in the substitution line 10DM50. The bands were also detected in octoploid Tritileymus M842 and L. mollis, which both contain the Ns genome. This suggested that the three pairs of alien chromosomes in 10DM50 were most likely transferred from group 3, group 6, and group 7, i.e. 3Ns, 6Ns, and 7Ns from L. mollis. The specific EST-STS primer pairs could be used to develop special markers for detecting Ns chromatin in wheat-L. mollis progenies, which should facilitate the detection of L. mollis chromatin in a wheat background. 10DM50, a multiple alien substitution line from octoploid Tritileymus M842-16 x Triticum durum cv. D4286, with 36 chromosomes from wheat and three pairs of Ns chromosomes from L. mollis, was selected and identified using cytogenetic and molecular methods. It was shown to possess many valuable traits that could be transferred into common wheat in breeding programs, such as low plant height, high number of spikes, long spikes, high 1000-kernel-weight, and high resistance to leaf rust. It could also be used as a precious intermediate material to develop translocation lines, and eventually to transfer useful gene(s) from L. mollis to common wheat successfully.
